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and  215(Mi^  respectively.  Samples  were  inclined  to  the  flow  at  25  deg  and 
heated  to  abmur  lbbd^  during  exposure. 
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1.0  INTRODUCTION 


The  work  reported  herein  was  conducted  by  the  Arnold  Engineering 
Development  Center  (AEDC) ,  Air  Force  Systems  Command  (AFSC) ,  under 
Program  Element  921EQ1,  Control  Niunber  9E01-00-*8,  at  the  request  of 
the  National  Aeronautics  and  Space  Administration  (NASA) ,  Johnson 
Space  Center  (JSC),  Houston,  Tx,  for  the  NASA,  Ames  Research  Center 
(ARC),  Mountain  View,  Ca.  The  NASA-JSC  project  monitor  was  Mr.  Bill 
Moseley  (ES3)  and  the  NASA-ARC  project  monitor  was  Mr.  Howard  Goldstein. 
The  results  were  obtained  by  ARO,  Inc.,  AEDC  Division  (a  Sverdrup 
Corporation  Company),  operating  contractor  for  the  AEDC,  AFSC,  Arnold 
Air  Force  Station,  Tennessee.  The  test  was  conducted  In  the  von  Karman 
Gas  Dynamics  Facility  (VKF)  Hypersonic  Wind  Tunnel  (C)  on  April  A  and 
5,  1979,  under  ARO  Project  No.  VA1C-56. 

The  test  objectives  were  to  determine  the  thermal  response  and 
reusability  of  Advanced  Flexible  Resuable  Surface  Insulation  (AFRSI) 
materials.  Sample  materials  were  exposed  to  a  controlled  aerothermal 
environment  to  obtain  performance  comparisons  between  AFRSI  and  ceramic 
Resuable  Surface  Insulation  (RSI)  tiles. 

The  samples  were  exposed  to  a  Mach  3.4  flow  with  a  wedge  static 
pressure  of  0.74  psia  and  a  computed  recovery  temperature  of  1982®R. 
These  conditions  were  obtained  by  Inclining  the  wedge  ?.5  deg  to  the 
tunnel  Mach  10  flow  with  a  stagnation  pressure  of  1200  psla  and  total 
temperature  of  2150*R. 

Inquiries  to  obtain  copies  of  the  test  data  should  be  directed  to 
Mr.  Bill  Mosely,  ES3,  NASA-JSC,  Houston,  Tx,  77058.  A  microfilm  record 
has  been  retained  In  the  VKF  at  AEDC. 

2.0  APPARATUS 

2.1  TEST  FACILITY 

Tunnel  C  (Fig.  1)  Is  a  closed-circuit,  hypersonic  wind  tunnel  with 
a  Mach  number  10  axlsymmetrlc  contoured  nozzle  and  a  50-ln.-dlam  test 
section.  The  tunnel  can  be  operated  continuously  over  a  range  of  pres¬ 
sure  levels  from  200  to  2000  psla  with  air  supplied  by  the  VKF  main 
compressor  plant.  Stagnation  temperatures  sufficient  to  avoid  air 
liquefaction  In  the  test  section  (up  to  2260'*R)  are  obtained  through  the 
use  of  a  natural  gas  fired  combustion  heater  In  series  with  an  electric 
resistance  heater.  The  entire  tunnel  (throat,  nozzle,  test  section,  and 
diffuser)  is  cooled  by  Integral,  external  water  jackets.  The  tunnel  Is 
equipped  with  a  model  Injection  systepi,  which  allows  removal  of  the 
model  from  the  test  section  while  the  tunnel  remains  In  operation.  A 
description  of  the  tunnel  may  be  found  in  the  Test  Facilities  Handbook 
(Ref.  1).  : 

2.2  TEST  ARTICLE 

Four  (4)  test  articles  were  furnished  by  NASA/Ames,  photographs  of 
which  are  presented  In  Fig.  2.  These  articles,  or  samples,  were  fabri¬ 
cated  at  NASA/Ames  and  consisted  of  various  combinations  of  flexible 
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reusable  surface  Insulation  (FRSl)  and  ceramic  reusable  surface  Insula¬ 
tion  (RSI) .  Shown  in  Fig.  3  are  planform  sketches  of  the  test  articles 
denoting  the  different  combinations  o^  Insulation  used  on  each  sample. 
Variations  among  the  FRSI  samples  were  the  weight  of  the  fabric,  the 
weave  of  the  quilting,  and  the  edge  formation.  The  RSI  samples  were  of 
different  thicknesses  and  had  various  silicon  coatings  applied  to  their 
surfaces.  The  specifics  of  these  variations  are  beyond  the  scope  of 
this  report,  but  may  be  obtained  by  Inquiries  directed  to  the  NA^-ARC 
personnel. 

All  samples  were  bond^  to  an  1/8-ln.  aluminum  plate  which  In  turn 
was  attached  to  a  Bakellte Opiate  of  variable  thickness  to  maintain  a 
total  thickness  of  1.50-ln.  Presented  In  Fig.  4  are  an  Installation 
photograph  and  sketch  of  a  sample  mounted  on  a  steel  wedge  designed  for 
materials  testing.  Three  rows  of  steel  balls  (0.078-ln.  dlam)  were 
welded  to  the  steel  surface  3-ln.  aft  of  Its  leading  edge  to  produce  a 
turbulent  boundary- layer  over  the  samples.  From  prior  testing  with  this 
wedge.  It  Is  known  that  a  tiirbulenc  boundary- layer  exists  ahead  of  the 
sample  at  wedge  angles  of  12  deg  or  greater. 

2.3  TEST  INSTRUMENTATION 

2.3.1  Test  Conditions 

Tunnel  C  stilling  chamber  pressure  Is  measured  with  a  500-  or  2500- 
psld  transducer  referenced  to  a  near  vacuum.  Based  on  periodic  compari¬ 
sons  with  secondary  standards,  the  accuracy  (a  bandwidth  which  Includes 
95-percent  of  the  residuals,  l.e.  2o  deviation)  of  the  transducers  Is 
estimated  to  be  within  ±0.16  percent  of  pressure  or  ±0.5  psi,  whichever 
Is  greater,  for  the  SOO-psld  range  and  ±0.16  percent  of  pressure  or  ±2.0 
psl,  whichever  Is  greater,  for  the  2500-p8ld  ',jpge .  Sl^lllng  chamber 
temperature  measurements  are  made  with  Chromel^-Alumel*  thermocouples 
which  have  an  uncertainty  of  ±(1.5”F  -f  0.375  percent  of  reading  In  *F) . 

2.3.2  Test  Data 

The  sample  Instrumentation  consisted  of  thermocouples  (22  In  samples 
1,  3,  and  4;  23  In  sample  2)  placed  at  positions  of  Interest  to  evaluate 
the  thermal  response.  The  thermocouples  were  ('i  AWG  #36  (0.005  In.  dlam) 
platlnum/platlnum-rhodlum  (13Z)  material.  The  placement  of  these  thermo¬ 
couples  In  the  samples  are  shown  In  Fig.  5.  The  precision  of  these  ther¬ 
mocouple  measurements  Is  ±3  to  4  deg  from  room  temperature  to  1200‘F. 

Also  a  user-supplied  radiometer  was  set  up  to  view  a  0.5-ln.  dlam 
area  of  the  sample  surface  about  2.8-ln.  back  of  the  sample  leading 
edge  and  on  the  wedge  centerline.  This  Instrument  recorded  the  total 
radiant  heat  flux  emitted  from  the  sample  area  and  Its  output  was  re¬ 
corded  In  millivolts.  The  precision  of  the  recorded  signal  Is  esti¬ 
mated  to  be  ±0.015  millivolts. 

The  VKF  Infrared  system  was  used  to  map  the  ample  surface  tem¬ 
perature.  The  system  utilizes  an  ,A.GA  Thermovision®  680  camera  which 
scans  at  a  rate  of  16  frames  per  second.  The  camera  detector  Is  sen¬ 
sitive  to  Infrared  radiation  in  the  2  to  6  micron  wavelength  band. 

Camera  calibrations  are  performed  with  a  standard  black  body  reference 
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■ourc«  and  have  conalatantly  bean  within  t1  parcanc  of  the  caaara 
manufactuar'a  calibration  and  are  repeatable  within  ±1  percent  in 
abaoluta  taaperature.  K  deacrlptlon  of  the  VKF  aystem  la  given  In 
Ref.  2. 

The  output  of  the  IR  caaera  was  dlaplayed  on  a  color  TV  nonlcor  in 
real  time  and  at  aelected  tinea  the  monitor  was  photographed  with  a  70ma 
color  still  caaera. 

Sixteen  na  color  aovlea  were  taken  of  the  samples  Intermittently 
during  the  run  and  shadowgraphs  were  taken  after  the  samples  reached  the 
tunnel  centerline  and  at  selected  w€-.dge  angles  to  record  the  flowfleld 
characteristics . 


3.0  TEST  DESCRIPTION 

3.1  TEST  CONDITIONS  AND  PROCEDURES 

3.1.1  General 

The  test  was  conducted  at  a  nominal  Kach  number  of  10  and  the  stream 
conditions  were  maintained  at  approximately  the  values  listed  below. 

Q.  w  w*  o_ 

M  pela  TT.  *R  psla  psla  RE  x  10  /ft  v  psla  ^^'w* 

10.14  1200  2150  1.75  0.024  1.18  3.4  0.74  1982.0 

A  test  summary  showing  all  configurations  tested  and  the  variables 
for  each  Is  presented  In  Tabla  1. 

In  the  VKF  continuous  flow  wind  tunnels  (A,  B,  C) ,  the  model  Is 
mounted  on  s  sting  support  mechanism  In  an  Installation  tank  directly 
underneath  the  tunnel  test  section.  The  tank  Is  separated  from  the 
tunnel  by  a  pair  of  fairing  doors  and  a  safety  door.  When  closed,  the 
fairing  doors,  except  for  a  slot  for  the  pitch  sector,  cover  the  open¬ 
ing  to  the  tank  and  the  safety  door  seals  the  tunnel  from  the  tank  area. 
After  the  model  la  prepared  for  a  data  run,  the  personnel  access  door 
to  the  Installation  tank  Is  closed,  the  tank  is  vented  to  the  tunnel 
flow,  the  safety  and  fairing  doors  are  opened,  and  the  model  la  Injected 
Into  the  alrstream,  and  the  fairing  doors  are  closed.  After  the  data 
are  obtained,  the  model  la  retracted  Into  the  tank  and  the  sequence  Is 
reversed  with  the  tank  being  vented  tc  atmosphere  to  alloa  access  to  the 
model  In  preparation  for  the  next  run.  The  sequence  Is  repeated  for  each 
configuration  change. 

3.1.2  Data  Acquisition 

.The  procedure  for  obtaining  the  teat  meaaurementa  changed  during  the 
progress  of  the  test.  Initially  there  was  concern  for  the  survivability 
of  the  cloth  samples  at  wedge  angles  as  large  as  25  dag;  hence,  the  wedge 
was  injected  at  zero  pitch  and  rotated  to  25  deg,  observing  the  sample 
(i(^3  was  used)  for  any  indication  of  failure,  and  reversing  the  procedure 
for  retraction.  No  Indications  of  failure  were  observed.  Next  the  sample 


was  Injected  and  retracted  •'it  25  deg  and  again  observed  for  Indications 
of  failure.  No  problems  were  encountered  during  Injection  but  on  retrac 
tlon  the  top  layer  of  the  cloth  sample  was  blown  away  (see  Fig.  6(a)). 

It  appears  the  turbulence  encountered  during  retraction  through  the 
tunnel  wall  boundary  layer  at  such  a  large  angle  was  too  severe.  A 
possible  explanation  of  the  absence  of  failure  during  injection  through 
the  same  turbulence  is  that  the  Increased  fabric  temperature  decreased 
Its  strength  prior  to  retraction.  Consequently,  the  initial  procedure 
described  above  was  adopted  for  the  remainder  of  the  test . 

The  bamples  were  exposed  to  the  flow  for  10  minutes  each  time  they 
were  Injected.  The  output  of  all  the  Instrumentation  was  recorded  every 
0.5  sec  until  the  wedge  reached  the  25  deg  pitch  angle,  then  data  were 
recorded  every  5  sec  for  the  remainder  of  the  run.  The  IR  system  TV 
monitor  was  observed,  and  when  the  sample  surface,  temperature  showed 
approximately  1200**?  a  70nmi  photograph  was  taken.  Another  photograph 
was  taken  just  prior  to  retraction. 

The  samples  were  observed  directly  during  exposure,  and  whenever 
any  unusual  circumstances  developed  (fabric  te.irs  or  looae  tiles)  the 
t6mm  movie  camera  was  used  to  record  the  events.  In  addition,  the  In¬ 
jection  cycle  of  each  run  was  recorded  on  16mm  film. 

After  retraction,  the  sample  was  cooled  by  a  tank  door  nozzle  and 
adjustable  malnfolds  on  each  side  using  high  pressure  air.  Also  the 
sample  support  wedge  has  Internal  water  cooling  passages  which  aided 
In  cooling  the  sample.  Whenever  the  sample  aluminum  support  plate 
cooled  to  150®F,  the  sample  was  injected  for  another  run  or  replaced 
by  another  sample.  Any  damage  to  the  sai.ples  was  photographed  using 
a  70mm  camera  prior  to  continued  testing  (see  Fig.  6(b)). 

Each  exposure  Is  termed  a  run  and  all  the  data  obtained  are  iden¬ 
tified  in  the  data  tabulations  by  run  number.  The  sample  tested  during 
each  run  Is  listed  In  Table  1 . 

3.2  DATA  REDUCTION 

The  tabulated  data  for  each  run  Includes  a  listing  of  tunnel  con¬ 
ditions  and  sample  information  necessary  to  use  the  data.  Beneath  this 
11 Jting  the  sample  temperatures  and  radiometer  output  are  listed  at 
selected  times.  The  wedge  angle  Is  Included  In  this  listing  to  document 
its  variation  with  time.  A  description  of  the  computation  procedures 
used  to  produce  the  data  follows. 

3.2.1  IR  System  Photographs  of  Sample  Surface  Temperature 

The  calibration  of  the  IR  system  Itself  is  detal.led  in  Ref.  2  and 
the  only  other  information  required  to  obtain  the  sample  surface  tem¬ 
perature  Is  the  surface  emlsslvlty. 


A  representlve  sample  of  the  fabric  Insulation  was  examined  to  deter¬ 
mine  Its  emlsslvlty  over  the  range  of  3  to  6  microns.  The  results  are 
presented  In  Fig.  7.  The  sample  total  emlsslvlty  was  computed  by  the 
equation 


/-  e.  X,  dX 


where 

m  Is  the  sample  spectral  emlsslvlty  from  Fig.  7  at  530*R 
e.  "  Is  the  black  body  spectral  emlsslvlty  at  530*R 

“x 

X^  Is  the  IR  camera  spectral  response  factor 
obtained  from  AGA  data. 

Both  e^  and  e^  *  ^X  with  wavelength  over  the  range  of 

X  X 

interest  are  presented  In  Fig.  8(a)  and  *  *X 

X 

shown  In  Fig.  8(b).  The  values  of  the  Integrals  are  shown  in  the  figures; 
from  these  the  sample  total  emlsslvlty  was  computed  to  be  0.62.  For  this 
emlsslvlty,  the  color  calibration  with  temperature  for  the  photographs  off 
the  IR  system  TV  monitor  Is  listed  In  Table  2. 


3.2.2  Sample  Temperatures 

Because  the  VKF  thermocouple  hookup  network  does  not  Include  pro¬ 
visions  for  platlnum/platlnum-rhodlxim  (13Z)  thermocouples  and  the  expense 
of  platinum  wire,  the  thermocouple  leads  were  only  about  12-ln.  long  and 
terminated  at  a  50-pln  connector  Inside  the  wedge  support.  Copper  leads 
were  used  from  the  other  side  of  the  connector  to  the  Instrumentation. 

The  output  of  the  sample  thermocouples  was  dependent  upon  the  connector 
temperature  with  this  type  hookup;  hence,  two  positions  on  the  connecter^ 
were  used  to  measure  the  connector  (reference)  temperature  using  Chromel  - 
Alumel® thermocouple  wire.  The  reference  tonperatures  were  measured 
with  direct-readout  Instruments  In  *F. 

The  total  output  of  each  sample  thermocouple  was  computed  by  first 
calculating  the  equivalent  platinum  millivolt  output  of  the  reference 
thermocouple  using  the  following  equation 

Ejj  °  0.A2282  +  (2.66830  x  10“^)  TRI 

+  (4.49139  X  10“®)  (TRl)^  -  (3.50748  x  10“®) (TRI )^ 
+  (1.40615  X  10“^^  iTRI)^ 


where 


equivalent  millivolt  output  of  a  platinum  thermocouple 
at  temperature  TRI 
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TRI  >  MAsurcd  r«f«rftncc  taaparatur*  in  *F 

A  aecond  raferanca  taaparatura  (7R2)  was  usad  as  a  radundant  aaasura- 
nant.  The  rafaranca  allllvolta  (E_)  were  added  to  the  output  of  each 
platinum  thermocouple  (E^)  to  obtain  the  total  millivolts  output  of 
each  thermocouple  •  The  temperature  for  each  platinum  thermo¬ 

couple  was  than  computed  from  the  aquation 

TCI  -  AD  +  AKE^^,^)  +  A2(E^^,p^  +  ...  +,AN(E^g^)*‘  (3) 

where  the  coefficients  AO,  . . . ,  AN  are  determined  from  the  following  table 


Range  of 


AO 

A1 

A2 

A3 

A4 

AS 

-0.422SJ4.g<1.175 

591.727 

270.981 

-11.8644 

53.7323 

-37.7430 

11.9930 

U175<Ep^5.604 

605.398 

234.610 

-17.7323 

2.18924 

-0.122826 

— 

3.604<Rpjj<11.024 

657.117 

192.452 

^3.8197 

0.0687992 

— 

— 

and  1  denotes  the 

TC  number. 

The  connector  reference  temperatures  (TRI  and  TR2)  as  well  as  the 
output  of  the  Ames  radiometer  were  printed  out  as  measured. 

3.3  UNCERTAINTY  OF  HEASUREMENTS 
3.3.1  General 

The  accuracy  of  the  basic  measurements  (FT  and  IT)  was  discuss'd  in 
Section  2.3.  Based  on  repeat  calibrations,  these  errors  ware  fo’:ad  to 
be 

^  -  0.0016  -  0.16X,  ^  -  0.004  -  0.4X 

Uncertainties  In  the  tunnel  free-stream  parameters  and  the  model 
temperatures  were  estimated  using  the  Taylor  series  method 
of  error  propagation,  Eq.  (4), 


where  AF  Is  the  absolute  uncertainty  In  the  dependent  parameter 
F  "  f (X^ ,  X2 ,  X^  ...  X^)  and  X^  are  the  Independent  parameters  (or  basic 

measurements).  AX^  are  the  uncertainties  (errors)  In  the  Independent 

measurements  (or  variables) . 


3.3.2  T«at  Condlr'<ons 


Th«  accuracy  (baa..*!  on  2a  deviation)  of  the  baalc  tunnel  paraaetera* 
PT  and  TT,  (aee  Section  2.3)  and  the  2o  deviation  In  Mach  number  deter¬ 
mined  from  teat  aectlon  flow  callbratlona  were  uaed  to  eatlmate  uncer- 
talntlea  in  the  other  free-atream  propertlea  ualng  Eq.  (1).  The  computed 
uncertalntlea  in  the  tunnel  free-atream  condltiona  are  aunnariaed  in  the 
following  table. 

Uncertainty .  (±)  percent  of  actual  value 

_ M_  M  P  Q  RK 

10.14  1.0  5.3  3.7  2.3 

The  uncertainty  of  the  wedge  angle  Is  estimated  to  be  ±0.1  deg. 

3.3.3  Test  Data 

The  uncertainties  of  the  test  data  parameters  are  summarized  In  the 
following  table 

Data  Type  Uncertainty,  (±)  percent  of  actual  value 


IR  Color  Interface 

1.00 

Temperature 

Ames  Radiometer  Output 

0.14 

Sample  Temperature  @  1660"R 

0.35 

Reference  Temperature  @  575"R 

0.67 

4.0  DATA  PACKAGE  PRESENTATION 

Tabulated  results  and  plotted  data  were  furnished  to  the  test  sponsor 
In  a  Data  Package.  Samples  of  these  data  are  presented  in  Appendix  III. 

Some  of  the  sample  temperature  variations  with  time  shown  In  the 
plots  are  due  to  the  wedge  angle  variations  with  time.  Therefore,  as 
an  aid  to  the  Interpretation  of  the  plots  shown  herein,  the  wedge 
angle  variation  for  run  26  la  Included  with  the  data  plots.  The  wedge 
angle  variations  for  each  run  are  listed  on  the  tabulated  data. 
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b.  Sample  4  after  Run  18 
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APPKHSIX  III 

SAMPLE  DATA 

1 .  Tabulated  Data 

2 .  Plotted  Data 

3.  IR  Syaten  Photograph 
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